Abstract -With the aim to compare methods for counting the number of lines of a raster matrix, intersecting a round mark image, and a number of pixels belonging to this image for measuring its radius, a numerical simulation is carried out in the present article. It is proved that the application of the method for counting the number of pixels belonging to the image of the round mark allows obtaining more than 30 times gain in the accuracy of this image radius measurement using the same equipment. The formulas proposed in the article are used for software implementation of non-contact vibration measurement systems.
I. INTRODUCTION
Measurement of a vector field of vibrational displacements of material points on the control object surface is an important means for obtaining initial data for vibration diagnostics of technical objects. Methods for such monitoring are divided into contact and non-contact ones. Contact methods, including such a promising one as fiber-optic [1] , [2] , do not provide vibration measurement, which frequency exceeds seven to eight kilohertz. Non-contact methods of laser Doppler and interferometric vibrometry require expensive bulky equipment, and do not provide vibration direction measurement. At present, a method for measuring a vector field of vibrational displacements on the surface of a control object by applying a round mark matrix to this surface, and then by automatically analysing the parameters of the vibrational blurring of the elements of this matrix, is being developed.
An image of the round mark is halftone. To process this image, it is converted to a binary one. Depending on the purpose of the measurement results, this transformation can be performed by the traditional threshold level method, or by applying a negative-contour classification of pixels in the halftone image [2] - [5] . Simulation of the blurry image track of the round mark with its coplanar and orthogonal vibrational displacements is explained in [3] . The structure for measuring technique of vibration parameters along the track of the image blurring of the round mark is proposed in [4] , [6] , [7] .
A further development of the technique for analysing the vibration blurring of a round mark image, in an arbitrary direction and at an arbitrary angle to the object plane, is carried out in [5] - [9] . The advantage of this technique is that it allows measuring not only vibration magnitude, but also its direction. The drawbacks of this method are the limitation in increasing the measurement accuracy as the error of a round mark image sampling cannot be less than half of the raster unit.
A method for measuring the radius of a round mark image, based on counting a number of pixels, belonging to this image, is described in [10] . However, the requirements for the measurement accuracy are not justified there; the error of image sampling is not considered in this work, but is considered to be a general error of the system. A method for measuring the vibrational displacement of the investigated material point along the z-coordinate, based on measuring a radius increment of the round mark image, is substantiated in [11] - [14] . This paper also proves the linearity of the dependence of the measuring signal (the vibrational radius increment of the round mark image) on the measured value (amplitude of the vibrational displacement of the material point on the surface of the control object along the z-coordinate). However, this paper does not provide the analysis of the radius measurement error of the round mark image.
The present article provides the estimation of the sampling error when measuring radius of the round mark image by the traditional way of counting the number of lines of a raster matrix that intersect this image, and when measuring the radius of the round mark image by the method of counting the number of pixels of the raster matrix belonging to this image. A comparative assessment of the methods is carried out by the method of mathematical modelling. Numerical examples are given that show that the limiting absolute sampling error, when measuring the radius of the round mark image, decreases with an increase in the number of pixels belonging to this image. Figure 1 shows a raster graphics for the round mark image with a radius of 10 raster units.
II. RASTER GRAPHICS ANALYSIS OF A ROUND MARK IMAGE
The contour of a continuous round mark image is shown in dotted lines. This image lies on the grid formed by the elements of the raster matrix (pixels) of the recording device. As a result,
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70 a continuous image of the round mark is converted into its discrete image. It is the discrete image that is perceived by a measuring system. The discrete image differs from the continuous one in that the first can only include an integer number of pixels. Each particular element of a raster matrix cannot belong to a discrete image in part: either it belongs or does not belong to a discrete image entirely. If most of the pixel is within a continuous image, then the discrete image includes the entire pixel. If most of the pixel is outside the continuous image, then the entire pixel remains outside the discrete image [15] - [17] .
The method for line number counting of a raster matrix intersecting a discrete mark image is that the number of such lines n l is initially counted, and then the radius of this image is calculated, measured by the method of counting lines r cl by the following formulas:
where i max and i min are the largest and smallest values of the ordinal number of the raster matrix line, respectively, that intersects the mark image.
The value of r cl is obtained in raster units ( The measurement error is the difference between the measured and reference value of the measured. The true value of the radius of the round mark image r is the reference value: 
The idea of the pixel counting method belonging to a discrete image of the round mark is as follows. First, the number of such n p pixels is counted:
where i and j are the sequence numbers of the line and column of the raster matrix, respectively; I and J are the number of lines and columns of the raster matrix, respectively; (i; j) is the function that takes a value equal to one if the pixel of the i-th line of the j-th column of the raster matrix belongs to the image of the mark, and a zero, otherwise [18] - [20] . The area of each pixel S p is equal to one square raster unit
, where S cp is the area of the round mark image, measured by the method of pixel counting. Thus, the area of the round mark image, measured by the pixel counting method in run 2 , is equal to the number of pixels belonging to this image.
After accumulation of the round mark image area, the value of its radius r cp is computed by the method of pixel counting:
The radius measurement error of the round mark image by the pixel counting method is the follwing:
The number of pixels of the round mark image, shown in Fig. 1 , is the following: 
Hence, the radius measurement error  rcp of the round mark image by the pixel counting method is the following: 
III. MODELLING OF THE RADIUS MEASUREMENT ERROR OF THE ROUND MARK IMAGE As a result of modelling, the methods for measuring the radius of the round mark image with r variation in the range from 9.5 run to 10.5 run, the graphs of the dependence of the radius measurement error of the round mark image on its true value are obtained (Fig. 2) . The graph represented by the broken line 1 in Fig. 2 shows that the radius measurement error of the round mark image by the method of line counting is distributed between two limiting values: -0.5 run and +0.5 run. Thus, the limiting absolute error of measuring the radius of the round mark image is 0.5 run. The limiting absolute error of measuring the radius of the round mark image by the method of line counting does not depend on the value of the radius of the round mark image. If, for example, the true radius of the round mark image is not ten, but one hundred raster units, the measurement error will be equally distributed between the same two limiting values +0.5 run and -0.5 run.
As for the pixel counting method, the limiting absolute error in radius measuring of the round mark image depends on the value of this radius: the larger the radius of the image of the mark is, the smaller the absolute error of its measurement is.
IV. METHOD FOR CALCULATING THE LIMITING ABSOLUTE ERROR IN MEASURING THE RADIUS OF THE ROUND MARK IMAGE, AND GAINING FROM THE APPLICATION OF PIXEL COUNTING METHOD
In [2] , [3] it is shown that
where S cp is the limiting absolute error of area measuring of the round mark image by the pixel counting method with a confidence probability of 0.9973; the coefficient k Scp is a constant:
A coverage interval is the interval based on available information, which contains a set of true values of the measured quantity with a given probability.
Thus, the boundaries of the area coverage interval of the round mark image with a confidence probability of 0.9973 are:
where S cp max and S cp min are the upper and lower boundaries of the area coverage interval of the round mark image, respectively. It follows from (7), (13) and (14) that:
where r cp max and r cp min are the upper and lower boundaries of the radius coverage interval of the round mark image, respectively. In order to estimate the limiting absolute error of radius measuring of the round mark image r cp , calculations should be performed using (17)- (19):
where  U r cp is the difference between the upper interval boundary of the radius coverage of the round mark image, and its measured value.
where  L r cp is the difference between the measured radius value of the round mark image, and the lower boundary of its coverage interval.
In the example considered in the present article, the number of pixels belonging to the round mark image is 317. The measured value of the round mark image radius calculated by (7) is: r cp = 10.045110 run. Calculations according to (7)- (14) showed that the limiting absolute error of radius measuring of the round mark image by the pixel counting method with a confidence probability of 0.9973 is: r cp = 0.1305 run. The absolute values of all measurement errors obtained by modelling do not exceed this value of the limiting absolute error. Evaluation of the gain accuracy in radius measuring of the round mark image by the limiting absolute errors using the pixel counting method, in relation to the use of the line counting method p rcpl is determined by the formula: The limiting absolute error in radius measuring of the round mark image by the line counting method, regardless of the number of pixels belonging to the round mark image, is r cl = 0.5 run. If the number of pixels belonging to the round mark image is 317, then the gain in the radius measuring accuracy of the round mark image using the pixel counting method, calculated by (15) 
Such a limiting absolute error and such a gain in accuracy is provided by the pixel counting method, with a number of pixels belonging to the round mark image of n p = 317.
This n p value is obtained from the modelling. The actual number of pixels belonging to the round mark image is much larger. Thus, for example, for a real monitoring of the distribution of vibrational displacements of material points of the test object surface, a matrix of round marks is placed on this surface, in the geometric centres of which the material points under study are located (Fig. 3) . The image formed by the recording device is similar to the displayed original one. It follows that
where S f is the field of view area of the recording device; S t is the area of the round mark. Consequently:
According to Fig. 3 :
Modelling of the error in measuring the radius of the round mark image by the method of counting the number of raster lines, intersecting this image, and by the method of counting the number of pixels, belonging to this image, has been conducted in the present study. The basis of the modelling technique is the construction and analysis of the image raster graphics. A specific numerical example has also been considered in the paper.
The graphs of the dependence of the error in measuring the radius of the round mark image on the value of this radius have been constructed. Estimations of the limits of the error coverage intervals of measurement results have been carried out.
The limiting absolute error in measuring the radius of the round mark image has been estimated by both compared methods, depending on the number of pixels per image of the round mark. It is proved that the gain in the accuracy of measuring the radius of the round mark image when applying the method of counting the number of pixels belonging to this image can be more than thirtyfold. The formulas proposed in the article are used for software implementation of non-contact vibration measurement systems. 
